Background: Naringenin, a member of the dihydroflavone family, has been shown to have a protective function in multiple diseases. We previously demonstrated that naringenin played a protective role in hypertensive myocardial hypertrophy by decreasing angiotensin-converting enzyme (ACE) expression. The kidney is a primary target organ of hypertension. The present study tested the effect of naringenin on renovascular hypertensive kidney damage and explored the underlying mechanism. Methods and Results: An animal model of renovascular hypertension was established by performing 2-kidney, 1-clip (2K1C) surgery in Sprague Dawley rats. Naringenin (200 mg/kg/day) or vehicle was administered for 10 weeks. Blood pressure and urinary protein were continuously monitored. Plasma parameters, renal pathology and gene expression of nonclipped kidneys were evaluated by enzyme-linked immunosorbent assay, histology, immunohistochemistry, real-time polymerase chain reaction, and Western blot at the end of the study. Rats that underwent 2K1C surgery exhibited marked elevations of blood pressure and plasma Ang II levels and renal damage, including mesangial expansion, interstitial fibrosis, and arteriolar thickening in the nonclipped kidneys. Naringenin significantly ameliorated hypertensive nephropathy and retarded the rise of Ang II levels in peripheral blood but had no effect on blood pressure. 2K1C rats exhibited increases in the ACE/ACE2 protein ratio and AT1R/AT2R protein ratio in the nonclipped kidney compared with sham rats, and these increases were significantly suppressed by naringenin treatment. Conclusions: Naringenin attenuated renal damage in a rat model of renovascular hypertension by normalizing the imbalance of renin-angiotensin system activation. Our results suggest a potential treatment strategy for hypertensive nephropathy.
Introduction
Hypertension is one of the most common diseases in the world. Based on a high blood pressure threshold of systolic blood pressure (SBP)/diastolic blood pressure (DBP) ≥ 130/80 mm Hg, the crude prevalence of hypertension is 46% in adults aged 20 and older [1] . Every year, 9.4 million people die from complications of hypertension, and high blood pressure became the leading cause of death and disability-adjusted life worldwide in 2010 [2] . Among its complications, hypertensive nephropathy (HN), Ivyspring International Publisher also described as hypertensive glomerulosclerosis, is easily overlooked because of the lack of early clinical symptoms. Hypertensive nephropathy is one of the leading causes of end-stage renal disease (ESRD) in developed countries, second only to diabetic nephropathy [3] . Moreover, HN accounts for 34% of incident ESRD cases in the United States population [4] and 23.4% of ESRD cases in Europe [5] .
The pathophysiological mechanism of HN is complex, but the renin-angiotensin system (RAS) is known to play an important role. Inappropriate activation of the intrarenal local RAS contributes to the occurrence and development of hypertension and renal injury [6] [7] [8] . The current mainstay clinical therapy for HN involves targeting the RAS using angiotensin-converting enzyme (ACE) inhibitors (ACEIs) or angiotensin 1 receptor (AT1R) blockers (ARBs). These treatments protect the hypertensive kidney against proteinuria and impairments in renal function and retard the progression to ESRD [9] [10] [11] . However, a significant number of patients are still inadequately treated, partly because of side effects of these treatments, such as cough and angioedema. The other reasons for low treatment efficacy may involve compensatory RAS expression following inhibitor therapy via a feedback mechanism. Previous studies showed the increased plasma renin activity was associated with an increased risk of mortality in the patients of heart failure receiving RAS inhibitors [12] , and renin expression was augmented in the fibrotic kidney by trandolapril [13] . Naringenin (4,5,7-trihydroxyflavanone) is a flavone compound that is enriched in citrus fruits. Accumulating evidence shows that naringenin has a pleiotropic protective function in many diseases, such as atherosclerosis, inflammatory bowel disease, diabetes mellitus, and cancer [14] . The main pharmacological effects of naringenin are antiinflammatory and antioxidant actions. Our recent study showed that naringenin inhibited left ventricular hypertrophy in rats that were subjected to N G -nitro-L-arginine methyl ester (L-NAME)-induced hypertension by downregulating the expression of ACE in the heart [15] . However, the effect of naringenin on hypertensive kidney injury has not been reported. The present study investigated the ways in which naringenin acts on hypertensive kidney damage and whether the RAS can be influenced by naringenin treatment.
Materials and Methods

Animals and treatments
Male Sprague Dawley rats, weighing 160-180 g, were obtained from Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). The animals were housed in groups of 3-4 rats/cage in a well-ventilated room at 22°C ± 3°C and 40-65% relative humidity under a 12 hr/12 hr light/dark cycle. The rats were fed a normal diet and purified water.
After being matched for both body weight and BP, the animals were randomized to the following groups (n = 8/group): sham operation + saline (Sham group), 2K1C + saline (2K1C group), and 2K1C + 200 mg/kg/day naringenin (2K1C + NGN group). Naringenin was dissolved in a saline suspension. The rats were administered saline or naringenin daily by gavage, from 3 days before surgery until the end of the study. During this period, changes in body weight, heart rate, and BP were monitored.
The rats were sacrificed at the end of the 10th week of the study. They were anesthetized with 50 mg/kg sodium pentobarbital, and arterial blood samples were obtained. After flushing with cold phosphate-buffered saline (PBS), the right (nonclipped) kidneys were quickly removed, weighed, and sliced. Both poles of each kidney were stored at -80°C for the molecular analyses, the middle third part of kidney was fixed with 10% formalin for morphometric examinations.
All animal care and surgical procedures were approved by the China-Japan Friendship Hospital Animal Welfare and Ethics Committee (protocol no. 171001), which meets the United States National Institutes of Health guidelines for the care and use of laboratory animals.
2K1C surgical procedure
Briefly, the 2K1C surgical procedure was performed as the following. The animals were anesthetized with 50 mg/kg sodium phenobarbital (i.p.) and placed in a prone position. A 3 cm long incision was made on the left beside the spine. The left kidney was carefully externalized and covered with wet gauze. For clipping, the renal artery of the left kidney was separated from the renal vein by blunt dissection. A silver clip (0.2 mm inner diameter) was placed around the renal artery, resulting in the partial occlusion of renal perfusion. The kidney was then gently pushed back into the retroperitoneal cavity, and the wound was closed layer by layer with sutures. In control rats, a sham surgical procedure was performed without clipping the artery.
Non-invasive tail-cuff blood pressure measurement
Blood pressure was recorded in all of the animals once daily for 3 days before 2K1C surgery to adapt the animals to tail-cuff plethysmography (Softron Biotechnology, Beijing, China). After surgery, blood pressure was monitored once weekly for the first 4 weeks and then once every 2 weeks. The BP and heart rate values are reported as an average of three consecutive measurements.
Analysis of urinary albumin
Every 2 weeks, the rats were placed in individual metabolic cages with free access to water for 24 hours to collect urine. The volume of urine was recorded. The urine was then centrifuged at 3000 rotations per minute (rpm) for 10 min. The supernatant was separated and stored at -80°C until the analysis. Urinary albumin concentrations were measured using an enzyme-linked immunosorbent assay (ELISA) kit (Bethyl Laboratories, Montgomery, Alabama, USA). Twenty four-hour albumin excretion was calculated by multiplying the urine albumin concentration by the urine volume, expressed as μg/24 hr.
Measurement of angiotensin II and Ang 1-7 concentrations in plasma
The concentrations of angiotensin II (Ang II) and angiotensin 1-7 (Ang 1-7) in circulatory blood were measured using ELISA kits (Cusabio Biotech Co., Ltd, Wuhan, China). The ethylenediaminetetraacetic acid-anticoagulant arterial blood samples were centrifuged at 3000 rpm for 10 min at 4°C. The plasma supernatant was obtained and stored at -80°C. For the ELISA analysis, all of the samples were reconstituted and processed according to the manufacturer's recommendations.
Histological analysis
After dissection, the middle third part of the nonclipped kidney was placed in 10% formaldehyde. The tissues were paraffin-embedded and sliced into 3 µm sections. The sections were stained with hematoxylin-eosin (HE), Mason's trichrome, or Periodic acid-Schiff (PAS). Photographs were taken using a DP70 camera (Olympus America, Center Valley, PA, USA) at different magnifications. At least five randomly selected areas of each sample were photographed. According to the kidney chronicity grade [16] , pathological scores were calculated as the sum of the following three items: (i) glomerulosclerosis (0 = < 10% glomeruli with global and segmental sclerosis, 1 = 10-25% glomeruli with global and segmental sclerosis, 2 = 26-50% glomeruli with global and segmental sclerosis, 3 = > 50% glomeruli with global and segmental sclerosis), (ii) interstitial fibrosis (0 = < 10% interstitial fibrosis, 1 = 10-25% interstitial fibrosis, 2 = 26-50% interstitial fibrosis, 3 = > 50% interstitial fibrosis), (iii) arteriolar thickening (0 = intimal thickening < thickness of media, 1 = intimal thickening ≧ thickness of media). All histological analysis was done by a single investigator blinded to the grouping situation.
Immunohistochemistry
Paraffin-embedded sections (3 μm) of nonclipped kidneys were deparaffinized, rehydrated, and heated by a microwave in citrate acid buffer (pH 6.0) to retrieve antigens. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide. Antibodies specific for ACE, ACE2, AT1R, and AT2R (Abcam, Cambridge, MA, USA) were applied, and the slides were incubated overnight at 4°C. On the second day, the sections were incubated with horseradish peroxidase-conjugated sheep anti-rabbit IgG (ZSGB-BIO, Beijing, China) at room temperature for 1 h. Immunoreactivity was detected using a DAB substrate kit. Granular brown staining was considered positive. The nucleus was counterstained with Mayer's hematoxylin. For every sample, eight regions of the cortex and medulla, respectively, were examined under a BX53 microscope at 200× magnification (Olympus, Tokyo, Japan), photographed with a DP70 digital camera (Olympus America, Center Valley, PA, USA), and evaluated using ImageJ image analysis software (National Institutes of Health, Bethesda, MD, USA).
Real-time quantitative polymerase chain reaction
Total RNA from the cortex of the right (nonclipped) kidney was obtained by homogenization and isolation with Trizol (Applygen Technologies, Beijing, China). cDNA was reverse-transcribed from 1 µg of total RNA using a First Strand cDNA Synthesis kit (Promega, Madison, WI, USA). Real-time quantitative PCR was performed using TransStart Green qPCR Supermix (TransGen Biotech, Beijing, China). Rat-specific PCR primers for each gene were the following: AGT (forward, ACACCCCTGCTACA GTCCAC; reverse-TTTTCTGGGCAGCAAGAACT), renin (forward, TGGCAGATCACCATGAAGGG; reverse, TGCACAGGTCATCGTTCCTG), ACE (forward, CAGGGTCCAAGTTCCACGTT; reverse, GCC ACTGCTTACTGTAGCCCAA), ACE2 (forward, GAA TGCGACCATCAAGCG; reverse, CAAGCCCAGAG CCTACGA), AT1R (forward, GGAAACAGCTTGGT GGTGAT; reverse, CACACTGGCGTAGAGGTTGA), AT2R (forward, CAAACCGGCAGATAAGCATT; reverse, AAGTCAGCCACAGCCAGATT), and GAPDH (forward, GGTGAAGGTCGGTGTGAACG; reverse, TCCTGGAAGATGGTGATGGG). GAPDH was used as the reference gene. Polymerase chain reaction and analysis were performed using the Applied Biosystems ABI Prism 7500 system (Thermo Fisher Scientific, Waltham, MA, USA).
Western blot
The nonclipped kidneys were sheared and homogenized in RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA). The supernatant was obtained after centrifugation. Protein was quantified using bicinchoninic acid (BCA) method. A total of 80 µg of protein of each sample was run using a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) system with stacking gel at 60 V and resolving gel at 120 V. Protein was transferred to a nitrocellulose membrane at 250 mA at 4°C for 3 h. The membrane was blocked with 5% (w/v) nonfat dry milk in TBS-Tween for 1 h at room temperature, with slight rocking. The membrane was incubated with primary antibody in 5% (w/v) nonfat dry milk in TBS-Tween overnight at 4°C. After washing, the membrane was incubated with IRDye 700DX-conjugated secondary antibody (Rockland, Gilbertsville, PA, USA) in TBS-Tween for 1 h at room temperature. Finally, the membrane was scanned using the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE, USA). Final band intensities were dequantitated by normalizing to the GAPDH reference protein (anti-GAPDH antibody, CWBiotech, Beijing, China).
Statistical analysis
All of the continuous data are expressed as mean ± SEM and were analyzed using GraphPad Prism 5.0 software (San Diego, CA, USA). For the statistical comparisons, the normality of the data was first evaluated. Equal variances were checked among normally distributed data, followed by one-way or two-way analysis of variance (ANOVA) for multiplegroup comparisons if the variances were equivalent. When the data were not normally distributed or when the variances were unequal, the nonparametric Kruskal-Wallis test followed by Dunn's post hoc test was used. Values of p < 0.05 were considered statistically significant.
Results
Effect of naringenin on renal physiopathology in 2K1C rats
We established the rat model of renovascular hypertension by performing 2K1C surgery in Sprague Dawley rats. Beginning in week 2 after 2K1C surgery, SBP began to increase and reached 163.2 ± 15.3 mmHg in the 2K1C group compared with 108.2 ± 1.7 mmHg in the sham group at 10 weeks (Fig. 1A) . Urinary albumin excretion significantly increased from 6 weeks to 10 weeks after 2K1C surgery, which was slightly prevented by naringenin treatment (Fig. 1B , no statistical significance between 2K1C and 2K1C + NGN group). Sections of the right (nonclipped) kidney were histologically examined using HE, Masson's trichrome, and PAS staining, which indicate arteriolar wall thickening, interstitial fibrosis, and glomerulosclerosis, in 2K1C rats compared with control rats. These parameters were forestalled by naringenin treatment (Fig. 1C) . The pathological scores of the nonclipped kidneys were 0 in the sham group, 3.83 ± 0.68 in the 2K1C group (p < 0.001, vs. sham group), and 1.40 ± 0.35 in the 2K1C + NGN group (p < 0.001, vs. 2K1C group; Fig. 1D ). Body weight and heart rate were not different among the three groups during the entire experimental period (Fig. S1A, B) . These findings indicate a protective role for naringenin in 2K1C-induced hypertensive renal injury.
Effect of naringenin on circulating Ang II and Ang 1-7 levels in 2K1C rats
To determine whether the circulating RAS participates in the pathogenesis of 2K1C-induced hypertensive renal damage and the protective effect of naringenin, we measured the concentrations of Ang II and Ang 1-7 (i.e., the major physiologically active components of the RAS) in peripheral blood. Plasma Ang II levels in 2K1C rats were nearly two-fold higher than in sham rats (13.27 ±1.78 pg/ml vs. 7.20 ± 0.48 pg/ml, p < 0.05). These elevations were significantly inhibited by naringenin treatment (8.98 ± 0.82 pg/ml, p < 0.05, vs. 2K1C group; Fig. 2A ). Plasma Ang 1-7 levels were unaffected by 2K1C surgery or naringenin treatment (Fig. 2B) .
Effect of naringenin on local ACE/ACE2 expression in nonclipped kidneys in 2K1C rats
Recent studies indicated that the intrarenal RAS plays an important role in the pathophysiology of hypertensive renal damage. We first examined the mRNA expression of integral components of the RAS in nonclipped kidneys using real-time PCR. As shown in Fig. 3 , AT2R mRNA expression was downregulated, and the ACE/ACE2 transcriptional level ratio was upregulated in 2K1C rats. No effects on the expression of renin, angiotensinogen, ACE, ACE2, or AT1R were observed. Naringenin treatment upregulated AT2R mRNA expression but had no influence on the mRNA expression or the ratio of other components of the intrarenal RAS (Fig. 3) .
We next examined the protein expression and distribution of components of the intrarenal RAS of nonclipped kidneys. Immunohistochemistry showed that ACE expression was unchanged in the cortex across the groups (Fig. 4A, B) . Conversely, in the medulla, ACE expression was increased in 2K1C rats (p < 0.05), and this increase was prevented by naringenin treatment (p < 0.01; Fig. 4C, D) . ACE2 expression in the cortex and medulla was downregulated in the 2K1C group (p < 0.01), and this change was significantly inhibited by naringenin treatment (p < 0.001, Fig. 4A, B and C, D) . The ratio of ACE/ACE2 immunostaining in both the cortex and medulla was significantly increased in 2K1C rats, and this increase was prevented by naringenin treatment (Fig. 4B, D) . The Western blot results showed that ACE expression and the ACE/ACE2 ratio significantly increased in the 2K1C group, both of which were normalized by naringenin treatment (both p < 0.05; Fig. 4E, F) .
Effect of naringenin on local AT1R/AT2R immunoreactivity in nonclipped kidneys in 2K1C rats
The immunoreactivity of AT1R and AT2R in the renal cortex and medulla of nonclipped kidneys was also examined. As shown in Fig. 5 , AT1R expression in the medulla tended to increase in the 2K1C group compared with the sham group, and this increase was prevented by naringenin treatment (p < 0.01; Fig. 5C,  D) . Compared with control animals, AT2R expression decreased in the medulla in 2K1C rats (p < 0.01), and naringenin treatment prevented this decrease ( p < 0.05; Fig. 5C, D) . The AT1R/AT2R ratio was calculated, and the results showed that AT1R/AT2R intensity significantly increased in the cortex and medulla in 2K1C hypertensive rats, and this increase was also prevented by naringenin treatment (Fig. 5B,  D) .
Discussion
The present study found that naringenin plays a protective role against hypertensive renal damage of nonclipped kidneys in 2K1C rats. In this process, systemic Ang II levels was suppressed and the balance of expression of local RAS components, including the ACE/ACE2 ratio and AT1R/AT2R ratio was preserved. This could highlight a potential mechanism for the beneficial effects of naringenin in hypertensive nephropathy. Naringenin is a natural flavonoid that is widely used in traditional Chinese medicine for its multiple pharmacological effects, including antiinflammatory and antioxidative actions. Previous studies reported that naringenin ameliorated diabetic nephropathy and obstructive renal fibrosis by inhibiting the transforming growth factor β signaling pathway [17, 18] . It was also shown to attenuate nephrotoxicity by exerting antioxidative actions and suppressing AT1R and extracellular signal-regulated kinase 1/2-nuclear factor κB-mediated inflammation [19, 20] . However, the effect of naringenin on hypertensive renal damage was previously unknown. We established hypertensive animal model by 2K1C surgery in rats, and studied the effects of naringenin administration on hypertensive renal damage. According to the previous studies in renovascular hypertension model [21] [22] [23] , the clipped kidney would present ischemic injury, and the hypertensive nephropathy was shown in the nonclipped kidney, so we only studied nonclipped kidneys in our study. In the present study, nonclipped kidneys in 2K1C rats manifested typical hypertensive histopathology, including arteriolar alterations, glomerular damage, and tubulointerstitial changes, all of which were prevented by naringenin treatment.
In our rat model of 2K1C surgery-induced hypertension, BP increased after 2 weeks, and albuminuria developed after 6 weeks. The weight of the nonclipped kidneys increased at 10 weeks (Fig.  S2) . These parameters were unaffected by naringenin treatment. Similarly, our recent published data showed that naringenin improved left ventricular hypertrophy beyond lowering hypertension in rats that were subjected to L-NAME-induced hypertension [15] . Previous studies reported that treatment with naringenin or naringin, the glucoside of naringenin, improved hypertension in stroke-prone hypertensive rats and high-carbohydrate/high-fatdiet-fed obese rats [24, 25] . The various influences of naringenin on BP may be attributable to the use of different animal models.
Our results showed that the elevation of circulating Ang II levels in 2K1C rats was inhibited by naringenin treatment. Similarly, naringenin dosedependently reduced plasma Ang II levels in a rat model of cardiorenal syndrome [26] . The discordance we observed in the present study between BP and Ang II levels was consistent with a previous study that found that plasma Ang II levels were decreased by chymostatin treatment in a salt-dependent or Goldblatt-type rat model of hypertension, but chymostatin did not lower BP [27] . In addition, the elevation of circulating Ang II levels, regardless of an increase in renal perfusion pressure, was sufficient to induce kidney damage in hypertensive rats [28] . Besides the classical RAS, many alternative components in this system play critical roles in cardiorenal function. Ang 1-7 is recognized as a counterpart of Ang II that controls blood pressure in Ang II-dependent hypertension [29] . We also measured plasma concentrations of Ang 1-7. No significant changes were observed among the three groups, which is consistent with a previous study that found that plasma Ang1-7 levels did not decrease after 2K1C surgery [30] .
Evidence indicates a role for the local RAS in damage to hypertension target organs [31, 32] . The ACE-Ang II-AT1 axis was regarded as the classic RAS pathway until the ACE2-Ang (1-7)-Mas axis was discovered in 2000 [33] . Subsequently, the latter axis was shown to counteract the effects of the former axis [34] . When the appropriate balance between ACE and ACE2 is disrupted, disease develops. Human kidney biopsies indicated that hypertensive patients have higher ACE/ACE2 mRNA ratios than normal controls [35] . Bernardi et al. reported a higher glomerular ACE/ACE2 ratio that was caused by the consumption of a high-salt diet in rats, resulting in oxidative stress and kidney damage [36] . Consistent with previous reports, the present study found that both the renal ACE/ACE2 mRNA ratio and ACE-ACE2 protein ratio in 2K1C hypertensive rats were significantly higher compared with sham rats [37] . Naringenin treatment normalized the disruption of the ACE/ACE2 protein ratio in both the cortex and medulla of the kidney.
AT2R was discovered in the 1980s [38] . Previous studies revealed that the role of the AT2R signaling pathway is opposite to the AT1R signaling pathway in diverse renal and cardiovascular pathologies. AT2R activation facilitates vasodilation and depresses inflammation and fibrosis in the heart, vascular wall, and kidney, independent of BP alterations [39] . In the present study, the AT1R/AT2R protein ratio was upregulated in both the cortex and medulla of the nonclipped kidney. This along with the imbalance of ACE/ACE2 could explain the kidney damage in 2K1C rats. The change in AT1R/AT2R ratio was suppressed by naringenin treatment.
Pharmaceuticals that regulate RAS activity, especially ACEI and ARBs, are widely used to protect against hypertension-induced heart and kidney injury beyond reducing BP [40, 41] . However, neither ACEI nor ARBs totally suppress the RAS, and combination therapy has failed to confer additional cardiovascular protection [41] . Dual RAS inhibition was associated with hypotension, hyperkalemia, and acute renal impairment, while lacking any beneficial effects on cardiovascular end points, such as death and myocardial infarction [42] . Treatment strategies that seek to suppress the imbalance of RAS component expression could be more effective for the treatment of HN. The present data showed that naringenin normalized the imbalance of the ACE/ACE2 and AT1R/AT2R protein ratios in the kidney in hypertensive rats, indicating that it might be a good treatment alternative for HN. The most-reported effect of other flavonoids like quercetin, epigallocatechin-3-O-gallate, vaccarin and rutin in a similar model was antioxidant and anti-inflammatory [43] [44] [45] [46] , as well as inhibiting plasma renin, Ang II levels and ACE activities [45, 47] , decreasing AT1R expression in myocardium or aorta [45, 47] , and increasing cardiac AT2R expression [48] . But none of them have shown the ability of suppressing local ACE level in kidney as what naringenin did in our study.
The present study has several limitations. Based on prior evidence, we hypothesized that naringenin regulates the RAS by exerting antioxidative effects, reducing inflammation, or directly modulating the expression of RAS components. However, the precise mechanism of the effects of naringenin on the RAS needs further investigation. Besides, the clipped kidney produces the increase in angiotensin and renin in response to the reduced blood flow in 2K1C animal model, further studies are required to elucidate the effects of naringenin on the clipped kidney in relation to the abundance of components of the RAS.
In conclusion, the present findings suggest that naringenin may ameliorate hypertensive renal damage by modulating the balance of components of the RAS. Naringenin may be an effective therapy for hypertensive kidney disease.
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